The 2010 Maule earthquake is one of the largest events ever recorded with modern instruments. We used the continuous GPS (cGPS) records to invert for the kinematic rupture process using an elliptical sub-patch approximation. In agreement with previous inversions, the largest slip is found in the northern part of the rupture zone. By cross-correlating signals from cGPS and strong motion records (SM) located in the northern part of the rupture zone, we identified two distinct seismic pulses. Using the arrival time of these pulses, we propose a short-period (<20 s) rupture process, the zone where these pulses are generated is situated near 35.5°S, in agreement with the area with the highest seismic slip and maximum observed intensity. Finally, we compare the strong motion records at the same sites for the 1985 M w 8 Valparaíso earthquake and the Maule earthquake. We found that spectral contents and duration of the records of these two events were very similar. Thus, at least in the northern part of the rupture, the Maule earthquake radiated high frequency waves like an M w 8 earthquake.
INTRODUCTION
The M w 8.8 Maule earthquake occurred in central Chile on 27 February 2010. With a rupture zone of about 500 km by 140 km, this is the largest event ever recorded instrumentally in Chile (no strong motion instruments recorded the 22 May 1960 event). The Maule earthquake has been studied by many authors (e.g., Madariaga et al. 2010 , Delouis et al. 2010 , Lay et al. 2010 , Moreno et al. 2011 , Lorito et al. 2011 , Vigny et al. 2011 , Pollitz et al. 2011 , Pulido et al. 2011 , among others) using a combination of low-frequency data like interferometry (few days), static GPS (>1,000 s), tsunami waveforms, and far field broad-band seismograms (>100 s). These studies provide a coherent picture of the long-period features, although these data cannot resolve whether the rupture extended all the way to the trench or was limited to the bottom part of the plate interface.
The Maule earthquake ruptured a large segment of Central Chile that covers not only the gap left by the 1835 Darwin earthquake estimated as M w 8.3 (see Campos et al. 2002) , but also the rupture zones of at least two large events of last century: the 1928 Talca earthquake of M w 7.7 and the 21 May 1960 Concepción earthquake of M w 8.2. Although we lack data constraining the southern end of the rupture zone, the Maule earthquake definitely ruptured the source area of the Arauco 1975 earthquake of M w 7.8 and may have partly ruptured the rupture zone of the Valdivia earthquake of 22 May 1960 of M w 9.5. In the north, rupture stopped near the southern end of the Valparaíso earthquakes of 3 March 1985, M w 8.0, and the Valparaíso earthquake of 17 August 1906, M w 8.5. These events are depicted in Figure 1 , where the rupture zones are those proposed by Campos et al. (2002) . Magnitudes of the twentieth-century events are those proposed by Engdahl and Villaseñor (2002) .
In spite of the large magnitude of the Maule earthquake, its maximum seismic intensity of IX was observed on low-rise rigid buildings of the city of Constitución (Astroza et al. 2012) . Low intensity in rigid structures seems to be a characteristic of other large Chilean earthquakes, such as Valparaíso 1985 (EERI 1986) and Valdivia 1960 (Housner 1963) . Before the 2010 Maule earthquake, the only good-quality strong motion data available in southcentral Chile were those recorded during the 1985 Valparaíso earthquake (Comte et al. 1986 , EERI 1986 . The Valparaíso earthquake produced three main waves, or pulses, that were identified in the strong motion data by Ruiz et al. (2011) . These pulses were characterized by low-displacement amplitudes, but the short-period data available for the 1985 earthquake did not have real-time recording, so we could not do an accurate localization of the asperities. Kiser and Ishii (2011) and Wang and Mori (2011) studied short-period waves observed in dense seismograph arrays of Japan and the United States using a back projection technique. They proposed a different high-frequency behavior of the source between regions north and south of 35.5°S. A more detailed study of short-period waves in the near field is necessary to understand the generation of high-frequency waves by the Maule earthquake. In the present paper, we invert cGPS recordings of intermediate frequency waves using a kinematic inversion method based on elliptical subsource approximation (Vallé and Bouchon 2004, DiCarli et al. 2010 ). Then we compare these results with the short-period waves observed in strong motion data (SM). We will use these observations in an attempt to propose a model for the origin of short-period rupture radiated by the Maule earthquake, which could be useful to understand the moderate damage observed in rigid structures like adobe and masonry houses. Interestingly, some strong motion instruments recorded both the Maule 2010 and Central Chile 1985 at the same place. We can thus compare the recordings of a megathrust event like Maule 2010 with those of a regular M w ∼8 earthquake as that of Valparaíso 1985. The comparison of these strong motion data provides information about the differences and similarities between M ∼8.0 and M ∼9.0 subduction events.
LONG-PERIOD AND SHORT-PERIOD HYPOCENTERS
Several different hypocenters have been proposed for the Maule 2010 earthquake by different agencies and authors, some of which are listed in Table 1 . It is crucial for the successful modeling of near-field data to determine the hypocenter accurately. The main reason for the discrepancies in location is that near source data were not available for several months after the event. In the following we will use as high frequency hypocenter the location determined by the National Seismological Service of University of Chile (SSN) since they used all the short-period seismological stations that recorded the earthquake in Chile. Independently, Vigny et al. (2011) relocated the earthquake using arrival times at the high-rate GPS sites located near the earthquake. The relocated epicenter is situated about 10 km southeast of that of SSN in a region where several foreshocks occurred in December 2009 and January 2010 ). In our study we will use the low frequency hypocenter of Vigny et al. (2011) to invert cGPS data and the SSN hypocenter for the modeling the short-period seismic waves. We did not use the hypocenters proposed by USGS because of the possible bias introduced by the use of far field stations situated mostly to the northeast of the hypocenter. Figure 2 shows an example of S waves recorded in Constitución by the CONS high-rate GPS receiver and the CONS strong motion instrument. Since the strong motion instrument did not record the real time, we cross-correlated the records and shifted the strong motion. The S waves in the strong motion record appear 8-10 s before the large S wave in the highrate GPS record. There is thus a clear difference between the high-and low-frequency origin of the seismic was. This is also apparent in the inversions by DeLouis et al. (2010) .
KINEMATIC INVERSION USING HIGH RATE CGPS DATA
The Maule 2010 earthquake was the first earthquake recorded at short epicentral distances by high-rate GPS instruments at 1 Hz sampling rate (Vigny et al. 2011; see Table 2 ). A band passed-version of the ground displacement records obtained for the central Chile cGPS stations were used by Delouis et al. (2010) in a first inversion of the Maule event. Vigny et al. (2011) modeled the displacement records for stations in central Chile and western Argentina using the slip distribution that they determined from static GPS and inSAR interferometric data. They found excellent fit to the observed records, but high-rate GPS records were dominated by near-field static displacements so that they could not be used to determine higher-frequency details of the rupture process. In order to get intermediate frequency information from the high-rate GPS records, we computed ground velocity by time derivation and filtering. In Figure 3 , we show the processing of the Constitución (CONS) and Concepción (CONZ) GPS records. The original displacement record is shown on top, the raw velocity in the central panel and the filtered trace from 0.005 Hz to 0.05 Hz at the bottom. The raw ground velocity record observed at CONS is very similar to a Yoffe rupture pulse (Yoffe 1951 ) with a total duration of only 25 s. The peak observed near 50 s ( Figure 3b ) is associated with the passage of the rupture front about 35 km below the station at Constitución, and the healing at 75 s is probably due to stopping phases emitted from the sides of the crack, although we cannot exclude a self-healing rupture. In any case, the duration of slip rate is about 30 s, which is significantly shorter than the total duration of the earthquake (about 90 s). The record at CONZ also has duration of 30 s, but it does not resemble a Yoffe pulse; a possible explanation is that rupture did not propagate right below the station. It must be remarked, however, that the CONZ record has a glitch a few seconds after the arrival of strong S waves (Vigny et al. 2011) . At lower frequencies (Figure 4c ), the two records are very similar, although CONS is 30% larger than CONZ. Since we are interested in higher frequencies, we decided to use ground velocity records obtained by bandpasslimited time derivatives of the high-rate GPS records. The records were filtered using a bandpass Butterworth causal filter between 200 s and 20 s (0.005 Hz and 0.05 Hz) see Figure 3c .
We inverted the bandpass filtered ground velocity records using an elliptical patch approximation, because we think that this approximation is adequate for situations like that of the Maule 2010 earthquake, where the cGPS station locations are roughly 100 km apart, and the velocity structure is not known in enough detail. Elliptical patch parameterization was introduced by Vallé and Bouchon (2004) to model far-field waveforms for teleseismic events. The application of the method to near-field strong-motion kinematic inversion was discussed in additional detail by Di Carli et al. (2010) . This parameterization has the advantage that it produces an image of the source made of asperity-like patches. We inverted the high rate cGPS data using two elliptical patches assuming that the slip distribution D measured from the center of the ellipse had the Gaussian distribution E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 1 ; 7 1 ; 1 6 5
where D m is the maximum amplitude in the elliptical patch of semiaxes a and b. The slip distribution is continuous, but concentrated inside the ellipse. In every patch, rupture speed was assumed to be constant, and the time of rupture t r was computed with respect to distance from the hypocenter in order to insure causality in the forward models. Slip rate on every patch was also very simple. The source time function at any point on the fault was a triangular function of total duration t ¼ 10 s around the rupture time t r . This duration is shorter than that of the ground velocity records at CONZ and CONS shown in Figure 3b . In the forward model, each elliptical patch is described by seven parameters: two coordinates of the center, two semiaxes a and b, an angle of orientation α, slip amplitude D m , and rupture speed v r . The AXITRA code (Coutant 1990 , Bouchon 1981 ) was used to simulate wave propagation from the source to the receivers using the velocity model of Campos et al. (2002) . The fit between observed (obs) and synthetic (synth) records was measured with the L2 norm:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 2 ; 7 1 ; 5 3 8
where the index i runs over all samples in every seismogram considered in the inversion. The neighborhood algorithm (NA) of Sambridge (1999) was chosen to search for the minimum value of the L2 norm. Figure 4 shows the slip distribution results and the rupture time isochrones for the best solution found by the NA algorithm. This solution has a misfit χ 2 = 0.43. We modeled the earthquake with two elliptical patches: the maximum slip is larger than 10 m in the northern zone, and the rupture velocity in each ellipse is close to 2.5 km/s. There is not enough resolution in our data to increase the number of ellipses. Figure 5 shows the fit between observed -39°-igure 4. Result of kinematic inversion of ground velocity records time-derivative from highrate cGPS data. On the left (a) slip distribution; and on the right (b) rupture time. Diamonds are locations of cGPS stations used in our inversions, dashed line is ocean trench (plate boundary between Nazca and South American Plates), star is the long-period epicenter. and synthetic ground velocity derived from high-rate GPS data. The initial time of observed and modeled records is the same, confirming the proposed long-period hypocenter of Vigny et al. (2011) and the position of two elliptical slip patches. On the other hand, not only the long-period waves are fitted as observed in EW CONS record, but also intermediate frequency waves as observed in the SJAV EW record. The fit could certainly be improved but the records are sparse, and we lack instruments in the southern end of the rupture zone. For this reason, we believe that the solution of Figure 4 models well only the northern part of the rupture. Unfortunately, there is no seismic data that can be used to study the southern part of the rupture process.
SHORT-PERIOD RUPTURE PROCESS OF THE 2010 MAULE EARTHQUAKE
The Maule 2010 earthquake was recorded by the high-rate GPS instruments sampled at 1 Hz that we inverted in the last section. It was also recorded by more than 30 strong motion instruments; unfortunately, few of them recorded the absolute time, and most had a very short pre-event buffer memory (Boroschek et al. 2012) . As with high-rate GPS, the northern zone of the rupture is more densely instrumented (Boroschek et al. 2012 , Vigny et al. 2011 . For this reason, we studied in more detail the short-period characteristics of the rupture in this zone. This region is very interesting because of the high seismic intensities recorded there when compared to the southern part of the rupture (see Astroza et al. 2012 ).
The strong motion data recorded in the northern part of the earthquake show two important arrivals for periods lower than 20 s (Figure 6 ). This figure shows the ground displacement computed from strong motion data between 34°S and 36°S. The accelerograms were filtered using a Butterworth non-causal filter between 20 s and 0.05 s (0.05 Hz and 20 Hz), the baseline was removed, and then the records were integrated twice to compute displacements. In these records, it is possible to clearly identify two main pulses. The components where the pulses were better observed are plotted in Figure 6 . Since these pulses arrive at different times at the stations of the network, it was possible to identify the area on the fault where they were generated; these zones will be called "asperities," following the original idea of Kanamori and Stewart (1978) . The overall duration of the records shown in Figure 6 is about 60 s, but the individual pulses observed in the different stations are on the order of 10 s to 15 s. This is significantly lower than the overall duration of the earthquake, which was about 90 s. For this reason, we propose that the pulses were emitted by localized asperities that break on top of the large-scale rupture process. From the cross-correlation of the records, we concluded that these asperities were located in the northern zone of the rupture, separated at most by a few tens of kilometers.
The asperities were identified using the displacement records shown in Figure 6 . Of these records, only station Convento Viejo (CONV) had absolute time. Fortunately, as we showed Table 2 . Not all instrument are oriented along geographical coordinate L, T, and V refer to Longitudinal, Transversal, and Vertical, that unfortunately not always have the same orientation. S1 and S2 correspond to named pulse 1 and pulse 2 inside of the text.
SHORT-PERIOD RUPTURE PROCESS OF THE 2010 M W 8.8 MAULE EARTHQUAKE IN CHILE S9
in Figure 2 , the strong motion instrument in Constitución was located very close to the cGPS antenna CONS. Cross-correlating these two records, we could assign absolute time to the CONS strong motion record. For the other four records, the time was determined by comparing the theoretical S arrival time from the high frequency hypocenter and the observed first S arrival in the strong motion record (Figure 7a ). Figure 7 shows the normalized strong motion displacement records at the same stations shown in Figure 6 . The seismic traces are located along the ordinate of the plot as a function of the distance in kilometers from the SSN epicenter or proposed asperity hypocenter (Table 3) , and the abscissa is time in seconds. The curves plotted on top of the seismic section are the travel times computed using the layered velocity model derived from local data by Campos et al. (2002) . We tested different locations of the asperities until we found the best fit between computed arrival times of pulses emitted by possible asperities and the observed pulses in the strong motion displacement records. The rupture velocity found from the inversion of the cGPS records (~2.5 km/s) was used. The best locations of the two asperities are shown in Table 3 . The fit between the theoretical arrival of S waves from asperities and observed pulses are presented in Figures 7b and 7c . We obtained a good fit between the theoretical arrival of S waves and observed pulses; the small difference between theoretical and observed arrival time can be explained by the simplicity of the one-dimensional velocity model considered, the assumption of constant rupture velocity, or because the travel times were computed assuming that the asperities were located at a single point. Clearly, more detailed numerical modeling that takes into account a better structural model will be needed to improve this initial schematic model. However, the good fit allows us to assume that displacement pulses observed in strong ground motion are directly associated to S waves that originate from the proposed location of the asperities.
The proposed locations of the two asperities were checked using the high-rate GPS displacement records at the stations listed in Table 2 ; Figure 8 shows these records. The travel times computed using the layered velocity model proposed by Campos et al. (2002) well with the observed arrivals of S waves from asperities in the high-rate GPS stations. For this reason, new travel-time curves were computed using a simple homogeneous crustal shear speed of 3.3 km/s; these travel times fit very well the first arrival of the S wave at the different high-rate GPS stations, as well as with the arrivals of the two observed pulses in ROBL and RCSD, which in this case are associated with surface waves that propagate in the crustal wave guide. These pulses are easily identified in the northern components of the cGPS stations, although the second pulse is difficult to identify in the SJAV record. This is probably an effect of the northward propagation of rupture, since SJAV is located south of the second asperity. Along the coast at CONZ and CONS, the pulses are very difficult to identify because they are hidden by the strong near-field displacement due to the passage of the seismic rupture.
In conclusion, the short-period rupture process is schematically shown in Figure 9 where we plot the location of the hypocenter, the asperities and the direction of rupture propagation. The short-period rupture propagates northwards from the hypocenter and has shorter duration than the overall duration of the Maule 2010 earthquake and its source area is smaller than that of the low frequency rupture of the earthquake. This short-period rupture has a rupture area and duration similar to that of an M w ∼8.0 earthquake, because the two asperities we identified in Figure 9 have sizes similar to the rupture area of a magnitude 8 event in central Chile . The zone where these strong motion short-period waves were emitted agrees with the area of higher seismic intensity (MSK > VIII) observed by Astroza et al. (2012) . 
COMPARISON WITH THE VALPARAÍSO 1985 STRONG MOTION RECORDS
The Valparaíso 1985 (M w 8.0) earthquake broke a rupture zone situated immediately to the north of the Maule 2010 earthquake (see Figure 1) . Fortunately, a few strong motion instruments located in central Chile recorded both events, as shown in Figures 10a and  10b . We can use these records to compare the characteristics of these two events. As observed in Figures 10a and 10b , records from the 1985 and 2010 events had similar amplitudes and durations at stations PICH, LLOL, and MELP, which are located north of the rupture zone of the Maule 2010 earthquake and in the south-central part of that of Valparaíso 1985. The PAPU, ZAPA, UTFS, and VINA stations have similar amplitude but shorter duration for the Maule records, and TALC has a shorter duration for Valparaíso 1985. The different duration of these records could be explained by the different directions of the rupture propagation of both earthquakes, south to north by the Maule 2010 and north to south for the 1985 Valparaíso earthquake (Figure 10c ). Finally, in Figure 10d , the response spectra of acceleration with 5% damping are compared for the two earthquakes, showing similar spectra for both events, except for the TALC (Talca) recordings.
Similar pulses to those observed in the Maule 2010 were identified in the strong motion records of the Valparaíso 1985 earthquake and also in Tocopilla 2007 (M w 7.7) Chile earthquake , confirming that the short-period waves generated by the Maule 2010 earthquake are similar to those observed in M w ∼8.0 Chilean subduction earthquakes.
DISCUSSION
The Maule megathrust earthquake was a very large event (M w 8.8) in the long-period domain (>100 s), with far-field ground motion dominated by the overall rupture process. We recomputed the slip distribution, using band-limited ground velocities derived from high-rate GPS records. The slip distribution we propose (see Figure 4) is very similar to results proposed by others authors in terms of the spatial pattern, especially for the locations of largest slip in the northern part of the rupture zone (e.g., Delouis et al. 2011 , Vigny et al. 2011 . However, at short periods, a different picture emerges, where radiation, as observed in strong motion records, appears to be mostly controlled by two asperities. These asperities produced pulses of similar duration and amplitude as those observed in previous Chilean subduction earthquakes with M w close to 8.0. The short-period rupture process of this megathrust earthquake may explain why some strong motion records of the Valparaíso earthquake of 1985 are similar to those of the Maule 2010 earthquake. Although the southern part of the Maule earthquake rupture is not well instrumented, our rupture process agrees with the back propagation results of Kiser and Ishii (2011) and Wang and Mori (2011) . These authors found that more short-period energy was emitted in the northern zone of the rupture compared to the southern one. Both groups detected an important velocity change in the rupture propagation around 35.5°S. It is important to emphasize here that these authors located the strong sources of high frequencies with respect to the USGS hypocenter. This may produce an artificial shift of their source to the east and perhaps to the north because the USGS hypocenter does not agree with either short or long-period near-field data. The location of the low-frequency hypocenter (Vigny et al. 2011) further to the west and south, with respect to the USGS hypocenter, is required by the arrival times of long-period waves at high-rate GPS records in central Chile. The actual location of the hypocenter may have important consequences for the excitation of tsunami waves by the Maule event (Fritz et al. 2011, Wu and Ho 2011) . Further work on this particular point seems necessary.
The cGPS data are dominated by near-field surface and body waves that propagate in the crustal wave guide, while the short-period strong motion signals propagate like multiply scattered body waves. They show different sensitivity to the velocity model that is used to locate the asperities. We have to wait for the tomographic studies currently in preparation in order to improve the local velocity model.
The locations of asperities in the northern part of the Maule rupture may explain why the damage to rigid structures was concentrated in this zone, in contrast with the low damage observed south of the epicenter (Astroza et al. 2012 ).
The short-period rupture process observed during the Maule 2010 earthquake may not be only an attribute of the Maule megathrust earthquake. Frequency-dependent rupture behavior was also observed during the Tohoku, Japan, 2011 (M w 9.0) earthquake by Koper et al. (2011 ), Meng et al. (2011 , and Wang and Mori (2011) using back-propagation of highfrequency waves observed in far-field seismic arrays. Furthermore, moderate damage was observed during the Tohoku earthquake in comparison with shallow earthquakes (Kawase 2011) , and recorded strong motion data were similar to that of previous M ∼8.0 Japanese earthquakes like the 2003 Tokachi-oki earthquake (Si et al. 2011) .
CONCLUSIONS
We studied the intermediate-and high-frequency radiation generated by the 2010 Maule earthquake using near-field high-rate GPS and strong motion records. Unfortunately these data are only available for the northern part of the rupture of the event, from Concepción (37.5°S) to the north. There seems to be no high-rate GPS instruments or usable strong motion data from the southern end of the rupture.
We inverted the ground velocities obtained by band-limited differentiation of the cGPS records in central Chile. Although the data are heavily dominated by the propagation of the rupture front, we could determine that a local asperity located roughly westward of the city of Constitución produced a significant part of the high frequency waves observed in local accelerograms. In all the stations situated north of Constitución, two big strong motion pulses are observed that we associated with the two asperities situated north of this city. Finally, a comparison with records from the 1985 Valparaíso earthquake shows that high-frequency emissions from that earthquake and from Maule were very similar in the northern stations. This similarity is striking in the envelopes of strong motion data and in the acceleration response spectra of accelerograms. Thus, it seems that the 2010 earthquake was huge at low frequencies, but the strong motion was very similar to that of a smaller event of magnitude 8. Similar observations have been reported for the recent 2011 Tohoku earthquake.
